A Genetic Approach to the History of the Magellanic Clouds by Guglielmo, Magda et al.
Mon. Not. R. Astron. Soc. 000, 1–?? (2002) Printed 8 October 2018 (MN LATEX style file v2.2)
A Genetic Approach to the History of the Magellanic Clouds
Magda Guglielmo?, Geraint F. Lewis, Joss Bland-Hawthorn
Sydney Institute for Astronomy, School of Physics, A28, The University of Sydney, NSW 2006, Australia
Accepted 2014 July 29. Received 2014 July 21; in original form 2014 February 7
ABSTRACT
The history of the Magellanic Clouds is investigated using N-body hydrodynamic simulations
where the initial conditions are set by a genetic algorithm. This technique allows us to identify
possible orbits for the Magellanic Clouds around the Milky Way, by directly comparing the
simulations with observational constraints. We explore the parameter space of the interaction
between the Magellanic Clouds and the Milky Way, considering as free parameters the proper
motions of the Magellanic Clouds, the virial mass and the concentration parameter (c) of the
Galactic dark matter halo. The best orbital scenarios presented here are considered with two
different sets of parameters for the Milky Way disc and bulge components. The total circular
velocity at the Sun’s position (R = 8.5 kpc) is directly calculated from the rotation curve
of the corresponding Galactic mass model. Our analysis suggests that the Magellanic Clouds
have orbited inside the virial radius of the Milky Way for at least 3Gyr, even for low mass
haloes. However, this is possible only with high values for the concentration parameter (c >
20). In both orbital models presented here, the mutual interaction between the Magellanic
Clouds is able to reproduce the observed features of the Magellanic System.
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INTRODUCTION
Gas accretion plays a fundamental role in the evolution of galaxies.
In a few billion years, star formation will exhaust the gas reservoir
in most spiral galaxies (Larson, Tinsley & Caldwell 1980). This
also holds true for the Milky Way. With a gas mass of 5× 109 M
and a constant star formation rate of 1-3 M year−1, our galaxy
is expected to run out of star formation fuel without an ongoing
source (Robitaille & Whitney 2009; Putman, Peek & Joung 2012).
Moreover, the constant star formation rate inferred by the chemical
abundance and kinematic of the solar neighbourhood, strongly sug-
gests that the gas has been accreted from the intergalactic medium
(either via the cold or hot accretion mode). However, how gas
gets into galaxies remains a mystery. The most recent simulations
present a complex picture in terms of (cold or warm) gas flows
along channels directed into the outskirts of galaxies. These fila-
ments penetrate deep inside the halo and connect to the galactic
centre from multiple directions (e.g Dubois et al. 2012; Vogels-
berger et al. 2013).
In a recent paper, Fox et al. (2014) demonstrate that the nearby
Magellanic System is sufficient to account for the star formation
rate of the Milky Way for the next few billion years. In this instance,
gas accretion is associated with infalling dark matter halos. Thus,
satellite interactions can be an important mechanisms by which the
Milky Way acquires gas. This may not be the main mechanism for
other L∗ galaxies, since the Magellanic Clouds are a peculiar fea-
ture of the Local Group (James & Ivory 2011; Robotham et al.
? E-mail: m.guglielmo@physics.usyd.edu.au
2012), but the study of this system can reveal clues on the forma-
tion history of the Milky Way.
Large scale mapping of the 21 cm emission reveals the pres-
ence of several gaseous structures, evidence of an ongoing interac-
tion between the Magellanic Clouds themselves and the Milky Way
(Putman et al. 2003; Bru¨ns et al. 2005; Nidever et al. 2010). The
most prominent of these gas structures is the Magellanic Stream
which extends ∼ 140◦ across the sky, passing through the South
Galactic pole (Nidever et al. 2010). The two Clouds are linked to-
gether by the Magellanic Bridge, which contains almost 40% of
the neutral gas mass in the Magellanic System (Bru¨ns et al. 2005).
Therefore, studying the origin of these structures aids in under-
standing the underlying physical processes in galaxy interaction.
Over the past four decades, many groups have attempted to
explain the presence of gas structures which characterise the Mag-
ellanic System. This difficult challenge is widely recognized as a
benchmark for testing the usefulness of galaxy simulations (Bland-
Hawthorn et al. 2007). Formerly, the formation of these structures
was explained as the result of multiple encounters between these
satellites and the Milky Way, after which the gas within the Clouds
was stripped by tidal forces (Lin & Lynden-Bell 1977; Gardiner,
Sawa & Fujimoto 1994) or ram pressure (Moore & Davis 1994;
Mastropietro et al. 2005). However, the new proper motion mea-
surements show that the Clouds are on more energetic orbits, mak-
ing the possibility of multiple encounters with the Galaxy more un-
likely. Using proper motion measurements from the Hubble Space
Telescope, Besla et al. (2007) show that the Large Magellanic
Cloud (hereafter LMC) is more likely on its first passage around the
Milky Way. Later, they extended this analysis to include the Small
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Magellanic Cloud (SMC), in order to explain the formation of the
Magellanic Stream and the Leading Arm (Besla et al. 2010, 2012).
According to the first infall scenario, the Magellanic Stream and
the Leading Arm are formed by interactions between the Clouds,
while the Milky Way plays a secondary role. The model requires
that the Magellanic Clouds formed a bound pair for at least 5 Gyr
before falling into the Milky Way potential. Although the idea of a
falling group is supported by previous models (Murai & Fujimoto
1980; Nichols et al. 2011), it remains unclear whether the Clouds
were born as a bound pair at the epoch of galaxy formation or they
have became a close pair only recently (Bekki & Chiba 2005; Diaz
& Bekki 2012)
The main difficulty in modelling the orbit of the Magellanic
Clouds is the large number of parameters required. Not only are
the parameters directly related to the Clouds themselves uncertain,
(such as their mass or their proper motion), but also those of the
Milky Way potential, particularly the mass of the dark matter, its
extension and its concentration parameters. There is considerable
disagreement in the existing literature about the value of the Milky
Way virial mass. Studies of the kinematics of the stellar halo show
results ranging between 0.5 − 1.2 × 1012 M (Battaglia et al.
2005; Deason et al. 2012; Kafle et al. 2014). On the other hand,
results based on the radial velocity of the Milky satellite extend
the upper limit by a factor of 2, suggesting a heavier halo with
mass with a mass of 2.0− 3.0× 1012 M (Boylan-Kolchin, Besla
& Hernquist 2011; Boylan-Kolchin et al. 2013). In addition, the
mass-concentration relation sets the concentration around 10-17,
for haloes with mass of the order of 1012 M (Klypin, Zhao &
Somerville 2002; Maccio`, Dutton & van den Bosch 2008). This
range is defined by using dark matter only simulations, but the pres-
ence of the baryonic component (stars and gas) can cause the com-
pression of the dark matter halo. However, studies of the kinematics
of the Milky Way stellar halo, show that the concentration param-
eter can be higher (18 6 c 6 24) than the values predicted by
simulations (Battaglia et al. 2005; Deason et al. 2012; Kafle et al.
2014). Therefore, the uncertainties on the Milky Way mass pose
a fundamental limitation in understanding the orbit of the Magel-
lanic Clouds. In particular, different combinations of the virial mass
and concentration parameters lead to different values of the circular
velocity of the Milky Way at the position of the Sun. This param-
eter has a strong influence on the orbits of the Magellanic Clouds,
since it has been shown that higher values than the standard IAU
value (220 km s−1) increase the number of close encounters be-
tween LMC and the Galaxy (Shattow & Loeb 2009; Ruzicka, Theis
& Palous 2010; Diaz & Bekki 2012; Zhang et al. 2012). .
Several approaches have been proposed to study the parameter
space of the Magellanic Clouds. Ruzicka, Theis & Palous (2010)
use a genetic algorithm combined with a restricted N-body inte-
gration scheme (Toomre & Toomre 1972; Theis 1999) to address
the formation of the stream. Diaz & Bekki (2012) explore a wide
range of orbital models and use a multi-component N-body rep-
resentation for only the SMC, in order to investigate the tidal ef-
fects on its disc and the formation of the main structures in the
system. However, due to the particular integration scheme used,
these studies do not fully model the interaction between the Clouds
themselves. Besla et al. (2012) consider both LMC and SMC as
multi-component N-body systems, but the high resolution of their
simulation does not allow for a complete parameter search of all
the possible orbital configurations.
In this paper, we present a genetic algorithm combined with
full N-body Gadget2 simulations (Springel 2005). The aim is to ad-
dress the formation of the Magellanic System with a direct compar-
ison between the outcome of simulations and the observed proper-
ties of the system. The orbits are selected with the only constraints
being the two encounters that occurred between the Clouds occured
in the last 3 Gyr. This is a common feature in previous models of
the Magellanic Clouds’ orbit, both in the first infall scenario (Besla
et al. 2012) and in more traditional scenarios (Ruzicka, Theis &
Palous 2010; Diaz & Bekki 2012).
Traces of these encounters exist in the recent star formation
history (SFH) of the Clouds, as strong tidal interactions between
LMC and SMC might have caused episodic star bursts in both
galaxies (Bekki & Chiba 2005; Piatti et al. 2005). Studies of the
SFH show that it has been increasing in the last few Gyr, corrob-
orating the hypothesis of strong interactions between the Clouds
(McCumber, Garnett & Dufour 2005; Noe¨l et al. 2009). Harris &
Zaritsky (2009) find two common peaks in SFH in both Clouds,
one 2−3 Gyr ago and again 400 Myr ago, suggesting the time of
the interactions.
This paper is organized as follows: in §1 we present an in-
troduction to the genetic algorithm and its application to the Mag-
ellanic Clouds problem; in §2 and §3, we describe the numerical
model for the Magellanic Clouds and the Milky Way and their pa-
rameter space; and in §4 we focus on how the best solution is se-
lected. As described in §3, the parameters related to the dark matter
halo (its mass and concentration) are free to span in the range given
by the observational and theoretical constraints, while the parame-
ters for the Milky Way disc and bulge are fixed. The selected orbits
are described in §5.
1 WHY DOWE NEED A GENETIC ALGORITHM?
The study of galaxy interactions requires a complete knowledge of
the parameters which lead to the observed configuration. The diffi-
culty is that in the case of orbital integration, the parameter space is
very large. Even just considering the simplest case of two galaxies,
it is crucial to know their present day positions and velocities, total
mass and mass distributions. Adding a third body, such as a central
galaxy, increases the number of parameters involved by at least 25
per cent. Therefore, dealing with the problem of multi-body inter-
actions means coping with a higher dimensional space, normally
too high for standard approaches, such as Monte Carlo chains.
Emulating the biological concept of evolution, the genetic al-
gorithm (GA) is a powerful tool to explore a complex parameter
space. In biology, given a set of possible genetic sequences (“popu-
lation of individuals”), the fittest organisms are those strong enough
to survive and reproduce themselves in their environments: nature
selects creatures with a high probability of survival (“survival of
the fittest”). In optimisation problems, given a set of “possible so-
lutions”, the best is the one which better adapts to the requirements
imposed by the model. The genetic algorithm mimics the reproduc-
tion, mutation and selection to arrive at the fittest set of parameters.
Keeping the same terminology from the biological world, a
gene is the value of a particular parameter and the phenotype en-
codes the collection of all parameters which describe a possible so-
lution. When all the phenotypes are created, they are sorted accord-
ing to their value of the merit function. A simple genetic algorithm
consists of the following steps (Charbonneau 1995):
(i) Start by randomly generating an initial population of pheno-
types, each representing a possible solution.
(ii) Evaluate the fitness of each member of the current popula-
tion.
c© 2002 RAS, MNRAS 000, 1–??
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LMC SMC
Mhalo (M) 2.13× 1010 0.50× 1010
M∗ (M) 0.31× 1010 0.12× 1010
rdisc (kpc) 1.4 1.25
hdisc (kpc) 0.3 0.2
rhalo (kpc) 10 5.0
Table 1. Initial conditions for LMC and SMC.
(iii) Select a pair of genotypes (“parents”) from the current pop-
ulation and breed them, based on their merit. In this way, two
new solutions are generated (“offspring”). Repeat this step until the
number of offspring produced equals the number of individuals in
the current population.
(iv) Replace the old population with the new one.
(v) Repeat from step (ii) until the fitness criterion is satisfied.
The evolution process is driven by different types of operators. The
first one is elitism: the fittest member of the current population is
cloned over the next generation. This guarantees that the maximum
values of the fitness function can never fall. The breeding process
will depend on the selection of the parents: the individuals with
highest fitness have higher probability to be selected. A random
portion of the parent genome is mixed with the other phenotype;
this process is named crossover. Whether or not the offspring is
generated will depend on a pre-defined probability (crossover rate).
The final operation is the mutation, which mimics the probability
that a particular gene can mutate in the next generation. In the case
of a genetic algorithm, the mutation will flip a bit in the phenotype,
according to some probabilities determined by the mutation rate.
Because of its versatility, the genetic algorithm can be applied
to different problems which require the exploration of a large pa-
rameter space. Pioneering work applied this algorithm to different
astrophysical problems, such as fitting the light and rotation curves
of galaxies (Charbonneau 1995), determining orbital parameters of
interacting galaxies (Wahde 1998), designing filter systems (Offer
& Bland-Hawthorn 1998) and inverting gravitational lensed images
(Brewer & Lewis 2005).
Using the same recipe described above, we present a genetic
algorithm which selects the best individuals based on the results of
N-body simulations. Previous applications of genetic algorithms by
Ruzicka, Palous & Theis (2007); Ruzicka, Theis & Palous (2009,
2010) used a restricted N-Body simulation to model the interac-
tion between the Clouds. The restricted N-body is computationally
less expensive than a full N-body simulation. However, this model
does not consider any mass loss and therefore the masses of the
Clouds are considered constant in time. In reality, due to the in-
teraction between each other and the Milky Way, the masses of the
two Clouds evolve, influencing their orbits. In this paper, we extend
the Ruzicka, Theis & Palous (2010) analysis, by using the Gadget2
simulation code (Springel 2005).
In order to identify the past positions and velocities of both
clouds, we perform a three body orbit integration backward in time,
starting from today back to 3 Gyr ago (Murai & Fujimoto 1980).
Then, the forward integration starts, using Gadget2 code which has
been modified in order to include a static Milky Way potential, as
described in the next section. We integrate over a period of 3 Gyr
and the last Gadget snapshot (corresponding to the present day con-
figuration) is used to assign the fitness function and, therefore, to
select the best individuals.
2 NUMERICAL MODEL
In order to simulate the evolution of the Magellanic Clouds around
the Milky Way, we model the latter as a static multicomponent po-
tential, consisting of a disc, a central bulge and a dark matter halo.
The disc is assumed to be a Miyamoto-Nagai potential (Miyamoto
& Nagai 1975)
Φdisc(R, z) = − GMdisc(
R2 +
(
rdisc +
√
(z2 + b2)
)2)1/2 , (1)
while the bulge component follows a Hernquist profile (Hernquist
1990)
Φbulge(r) = − GMbulge
rbulge + r
. (2)
The dark matter halo is given by a Navarro, Frenk and White
(Navarro, Frenk & White 1997) (hereafter, NFW) potential
Φhalo(r) = −GMhalo
r
ln
(
r
rhalo
+ 1
)
. (3)
The halo mass Mhalo scale is related to the virial mass via
Mhalo =
Mvir
ln (c + 1)− c/(c + 1) , (4)
and the halo radius rhalo is related to the virial radius
rhalo =
Rvir
c
, (5)
where c is the concentration parameter. As we consider a low mass
profile for both Clouds, the effects of the dynamical friction be-
tween the Clouds and the Milky Way halo are not explicitly con-
sidered in the equation of motion; while the dynamical friction be-
tween the two Clouds is accounted by modelling the two Clouds
with a live dark matter halo.
The initial conditions for the Magellanic Clouds are generated
using GalactICS (Widrow, Pym & Dubinski 2008). Both galaxies
are modelled as truncated dark matter halos and an exponential disc
component (see Widrow, Pym & Dubinski (2008) for further detail
on the GalactICS code).
The resulting initial rotation curves are shown in figure 1.
As shown in the left panel of Figure 1, the total circular velocity
of the initial LMC peaks at 105 km/s (black solid line), which is
consistent with the recent estimation by van der Marel & Kalli-
vayalil (2014) who quote the rotation curve of the LMC to be
91 ± 18 km s−1 (van der Marel & Kallivayalil 2014). The ini-
tial mass of LMC is chosen so that the total mass within 9 kpc is
19×109 M; whereas the right panel shows the rotation curve of
the initial SMC. The total rotation curve peaks around 64 km/s,
with the total mass within 3 kpc equal to 2.8 ×109 M (Stan-
imirovic´, Staveley-Smith & Jones 2004).
During the initial parameter search, we did not include any
gas component for the Clouds. This is because a hydrodynamical
simulation will increase the time of a single Gadget run. However,
for the best set of parameters found by the GA, a gaseous disc was
added to both of the Magellanic Clouds (see section §5.1).
In order to save computational time, the total number of parti-
cles used for each run is 104, but for the final results this number
increases by a factor of 10. In each galaxy, the number of parti-
cles is chosen so that the mass of each particle is roughly the same,
respecting the total mass ratio between the Clouds (1:10). Before
adding the external potential of the MW, each modelled galaxy was
simulated in isolation in order to test the stability of the system.
c© 2002 RAS, MNRAS 000, 1–??
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Figure 1. The initial rotation curves for LMC (left) and SMC (right) are plotted. For each Cloud, the contribution of the halo and the initial baryonic component
(star+gas) are plotted in blue and red respectively, while the solid black line indicates the total rotation curve.
3 THE PARAMETER SPACE
The genetic algorithm considers in total six independent parame-
ters; the virial mass and the concentration of the Milky Way halo
and the west and north proper motion components for both LMC
and SMC. Table 3 lists the parameters and their range. These pa-
rameters will change both the equation of motion and the present
day velocities of the Clouds. In Table 3, the two different models
referred to two different sets of parameters used for the Milky Way
disc and bulge. The adopted parameters for these components are
listed in Table 4. In this section, we describe in greater detail the
parameters used for the Milky Way potential and the proper motion
of the Clouds.
3.1 The Milky Way Parameters
The orbital history of the Magellanic Clouds strongly depends on
the potential of the Milky Way, in particular the mass of the dark
matter halo. This dependency is not only related to the orbit of
the Clouds around their host, but also the evolution of the SMC
around LMC can change dramatically for a different choice of the
Milky Way halo mass. Due to our position within the Milky Way,
it is hard to directly estimate the value of the halo mass. The kine-
matics of Blue Horizontal Branch stars in the Galactic halo sug-
gest that the virial mass of the Milky Way is around 1012 M
(Xue et al. 2008; Kafle et al. 2012). Combining the new proper
motion measurements of Leo I (Sohn et al. 2013) with numerical
simulations of Milky Way-size dark matter halo, Boylan-Kolchin
et al. (2013) constrain the mass of the Milky Way’s dark matter
halo at 1.6 × 1012 M with 90 per cent confidence in the range
[1.0, 2.4] × 1012 M. In the following analysis, this parameter is
assumed to vary between 0.90× 1012 M and 2.0× 1012 M.
The dark matter profile in equation 3 depends on the virial
radius and concentration parameter, as well as the virial mass. The
virial radius Rvir is calculated for each value of the virial mass,
using the equation
Rvir =
(
2MvirG
H20Ωm∆th
)1/3
, (6)
where H0 = 70.4 kms−1 Mpc−1, Ωm = 0.3 and ∆th = 340.
The concentration c is considered a free parameter in the range 1
to 30. In previous work the concentration of the halo is fixed at a
standard value of 12 (Besla et al. 2012; Diaz & Bekki 2012). By
fitting the kinematics of the stellar halo of our Galaxy, recent work
by Kafle et al. (2014) claims that there is the possibility of a more
concentrated halo. Therefore, allowing the concentration to vary
will allow us to study the consequences of such a model on the
orbit of the Clouds.
The circular velocity of the Milky Way at the position of the
Sun Vcir influences the orbital history of the Clouds (Shattow &
Loeb 2009; Ruzicka, Theis & Palous 2010). This is because proper
motions are measured relative to the Solar System, so the rotational
velocity of the Sun is needed to convert the velocities of the Clouds
to a Galactocentric frame (see §3.2). Although the IAU standard
value for Vcir is 220 km s−1, recent estimations (Reid et al. 2009;
McMillan 2011) infer higher values for this parameter. In this work,
the circular velocity is directly calculated from the rotation curve
of the Milky Way.
Although the disc and the bulge parameters of the Milky Way
are not considered as free parameters, here two different sets of
parameters are used to investigate how this choice can influence
the orbit of the Clouds (see Table 4). The potential of the disc and
bulge will influence the value of the rotational velocity of the Milky
Way.
3.2 The Proper Motion of the Clouds
A crucial step in studying the orbital evolution of galaxies is the
choice of their present day velocities. In the last decade, several
proper motion catalogues for the Magellanic Clouds have been
c© 2002 RAS, MNRAS 000, 1–??
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LMC SMC References
m−M 18.50± 0.1 18.95± 0.1 van der Marel et al. (2002), Cioni et al. (2000)
Vsys (km s−1) 262.2 146.0 van der Marel et al. (2002), Harris & Zaritsky (2006)
(α, δ) (deg) (81.9,−69, 9) (13.2,−72.5) van der Marel et al. (2002), Smith et al (2007)
(l, b) (deg) (280.253,−32.5) (301.5,−44.7) -
Table 2. Adopted values for the distance moduli, systemic velocity and Galactic Coordinates for both Clouds. These values are used for converting the velocity
in the Galactic frame in equation 9.
published (Kallivayalil, van der Marel & Alcock 2006; Costa et al.
2009; Kallivayalil et al. 2013; Vieira et al. 2010). Even though they
were obtained with different techniques, they are largely consistent
with each other. The main problem is that by using different values,
the orbital history of the Clouds changes completely.
With the aim of selecting the tangential velocities in a more
general way, we allow the proper motions to span within the er-
ror range of the catalogue presented in Vieira et al. (2010). This
catalogue summarizes the results of CCD and photographic obser-
vation, using a ground based telescope over a baseline of 40 years.
The advantage of using this catalogue is to include, within the error,
other proper motion measurements.
Once the proper motions in both directions are selected, the
velocities of the Clouds need to be corrected with respect to the
position and velocity of the Sun
r = (−R, 0, 0), v = (U,V + Vcir,W), (7)
where (U, V,W) = (11.1, 12.24, 7.25) kms−1 (Scho¨nrich,
Binney & Dehnen 2010) and the distance of the Sun from the
Galactic Centre is fixed at R = 8.5 kpc .
The proper motions in the direction of west and north are de-
fined as
µW = − cos δ dα
dt
, µN =
dδ
dt
, (8)
For each value of the proper motion selected by the GA and the
total circular velocity corresponding to the selected Milky Way’s
model, the present day velocities are transformed into the Galac-
tocentre frame. Following van der Marel et al. (2002), we adopt a
Cartesian coordinate system with the origin at the Galactic Centre:
the z−axis pointing toward the Galactic north pole, the x−axis
pointing from the Sun to the Galactic Centre; and y−axis aligned
in the direction of the Sun’s Galactic rotation. In this system, the
velocities are calculated by
vi = vi + Vsysu
i
0 +DµWu
i
1 +DµNu
i
2, (9)
where Vsys is the line-of-sight systemic velocity and D is the dis-
tance to the Galaxy, given in Table 2. The vectors u0, u1 and u2
are the unit vectors from the Sun in the direction of the Clouds,
given by
u0 = (cos l cos b, sin l cos b, sin b)
u1 = − 1
cos δ
∂u0
∂α
u2 =
∂u0
∂δ
where the Galactic Coordinates (`, b) are those listed in Table 2.
4 THE MERIT FUNCTION
The use of the genetic algorithm, together with the N-Body inte-
gration, allows an automatic search in the parameter space, with
a simultaneous comparison between model and observations. The
choice of the merit function is the most critical step of the algo-
rithm; the wrong function can lead to the convergence of the algo-
rithm to the wrong solution. Following Ruzicka, Theis & Palous
(2010), the total function F is defined in such a way that it will
return a number in the range 0 and 1, according to the ability of
the single individual to satisfy the imposed requirements. Here, F
is chosen to be the product of three different functions, each repre-
senting a particular requirement
F = f1 ∗ f2 ∗ f3. (10)
The first condition is that the final position and velocity of the
main body of each galaxy is consistent with the observed values for
the Magellanic Clouds. During the N-body simulations, the forma-
tion of particle structures could cause a deviation of the centre of
mass orbit from the one calculated using the point mass approxi-
mation. This deviation can lead the Clouds to be in the wrong po-
sition in the sky. In order to reproduce their present day positions
and velocities, a comparison between the simulation results and the
observed values is made through the equation
f1 =
12∏
i=1
1
1 +
(
xi−xiexp
xiexp
)2 , (11)
where xi indicates the (x, y, z) positions and the corresponding ve-
locity components of the centre of mass of each Cloud, and xiexp is
the corresponding observed values. To better compare these quan-
tities, the centre of mass is calculated using only particles bound to
the main bodies.
The second condition f2 is on the orbit of SMC around LMC.
As shown by Harris & Zaritsky (2004, 2009), the star formation
history of both Magellanic Clouds present two common peaks at
T ∼ 2.5 Gyr and T ∼ 0.4 Gyr. These can be interpreted as two
close encounters between the Clouds. With the aim of reproducing
these features, the best parameters are defined in such a way that
there have been at least two encounters between SMC and LMC
f2 =
2∏
i=1
1
1 +
(
tj−Tj
σ
)2 where j = 1, 2 (12)
where t1 (t2) is the time of the first (second) encounter; and T1 =
2.5 Gyr (T2 = 0.4 Gyr) corresponds to the time of the peaks in the
star formation of both Clouds (Harris & Zaritsky 2009). Although
the values of T1 and T2 are well constrained, demanding two en-
counters at fixed time is a very strong condition and the algorithm
might require a large number of generations to reach the conver-
gence. In order to release this requirement, we set σ at 0.5 Gyr.
The last condition is related to the angular velocity at the posi-
tion of the Sun (R = 8.5 kpc), defined as ω =
(V+Vcir)
R , where
the peculiar motion of the Sun is V = 12.24 km s−1 (see §3.2).
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Parameters Range Model1 Model2 References
Mvir (10
12 M) [0.90, 2] 1.00 1.27 Xue et al. (2008); Kafle et al. (2012)
c [1, 30] 27.3 20.5 Battaglia et al. (2005); Deason et al. (2012)
Rashkov et al. (2013),Kafle et al (2014)
(µW, µN)LMC (mas/yr) (−1.89± 0.27, 0.39± 0.27) (−1.87, 0.38) (−2.03, 0.19) Vieira et al. (2010)
(µW, µN)SMC (mas/yr) (−0.98± 0.30, −1.10± 0.29) (−1.08, −1.04) (−0.98, −1.20) Vieira et al. (2010)
Ω (km s−1kpc−1) [28.0, 32.0] 30.3 30.3 McMillan & Binney (2010)
Vcir (km s
−1) - 245.3 245.8 McMillan (2011)
Table 3. Parameter range and genetic algorithm best values. The first and second columns describe the parameters used in the genetic algorithm with their
range. Note that the circular velocity is not a free parameter, but is calculated from the rotation curve, therefore it depends on the particular choice of the virial
mass and concentration. The following columns describe the results for the two different models of the disc and bulge used in this work (see Table 4). The last
column shows the references for each parameter value.
Parameter Value
Model 1
Mdisc (10
10 M) 5.5
rdisc (kpc) 3.5
bdisc (kpc) rdisc/5
Mbulge (10
10 M) 1.0
rbulge (kpc) 0.7
Model 2
Mdisc (10
10 M) 7.6
rdisc (kpc) 6.5
bdisc (kpc) 0.3
Mbulge (10
10 M) 2.4
rbulge (kpc) 0.31
Table 4. Disc and bulge parameters used for the two models of the Milky
Way
Therefore, the f3 condition in equation 10 is given by
f3 =
1
1 +
(
ω−Ωexp
σ
)2 , (13)
The values of Ωexp and σ are such that the angular velocity of each
individual belongs to the range [28.0, 32.0] km s−1kpc−1, consis-
tent with the range found by McMillan & Binney (2010).
5 THE BEST ORBITAL MODELS
The genetic algorithm studies the evolution of a first generation
consisting of 50 individuals randomly selected on a sample of pos-
sible solutions. The evolution ends when the maximum number of
generations reaches 50. The results presented here refer to the best
individual (high fitness value) in the last generation.
As mentioned in §2, for each run of the genetic algorithm, the
Clouds are modelled with a small total number of particles and no
gas particles are included. However, for the two best solutions pre-
sented here, a new simulation with Gadget2 is carried out, using the
same mass model for the Clouds described in Table 1, but with a
total particle number of 3×105. In this final simulation, a gas com-
ponent is added to each of the Clouds. It is important to note that
the best solution found by the genetic algorithm strongly depends
on the particular choice of the Clouds’ mass distribution. There-
fore, it is important that the total mass of the each Cloud remains
the same as the one used in the parameter search. We add a disc
of gas, with the mass defined in such a way that the gas fractions
(ratio between the mass of the gas and the total baryonic mass) are
fgas = 0.3 and fgas = 0.7 for LMC and SMC respectively (Besla
et al. 2012).
All sky final gas distribution for Model 1 and Model 2 is
shown on a zenithal equal area projection (ZEA) in the right and
left panels (respectively) in Figure 4. Both models are able to re-
produce the location of the main features of the Magellanic Stream
and Bridge. We present the final distribution of stars (disk particles)
on the same projection in Figure 5. In general, there are only few
stars in the location of the Magellanic Stream with total mass of
1.0 × 106 M. Our simulations show the presence of a bridge of
stars connecting the two Clouds, formed after the last encounter.
5.1 Model 1: An Initial Orbital Scenario
The parameter Milky Way disc and bulge models are those cor-
responding to the fiducial model used in Besla et al. (2007). The
Miyamoto-Nagai disc is chosen to have a mass of Mdisc = 5.5 ×
1010 M, a radius of rdisc = 3.5 kpc, and disc scale height given
by rdisc/5.0 kpc. The bulge has a mass of Mbulge = 1.0×1010 M
and a radius of 0.7 kpc. As mentioned in §3.1, the virial radius and
the concentration parameters vary in the range defined in Table 3.
For the best solution, the virial mass is 0.99 × 1012M, the virial
radius is 256 kpc and the concentration is equal to 27. The final
rotation curves for the Milky Way corresponding to this model are
shown in the left panel of Figure 3. The proper motions for the best
individual are:
(µW, µN)LMC = (−1.87, 0.38) mas/yr (14a)
(µW, µN)SMC = (−1.08,−1.04) mas/yr (14b)
The orbit around the Milky Way for the above set of param-
eters is shown in the left column of Figure 2. The first panel de-
scribes the orbit of the Clouds around the Milky Way, showing
that the Clouds were already within the virial radius of the Milky
Way 3.0 Gyr ago. At this time, both galaxies were at a distance
of 200 kpc from the Galactic Centre with a mutual separation of
30 kpc.
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Figure 2. Orbit for the best individuals in Model 1 (first column) and Model 2 (second column). The first row of the figure shows the orbits of both Clouds
around the Milky Way. In both cases, the Clouds are orbiting within the virial radius (shown here as dashed gray line) of the Milky Way for the last 3 Gyr. In
the second row, the distance between LMC and SMC is plotted as a function of time. The last row shows the total velocity for both Clouds. In all panels, the
dashed lines show the effect of the dynamical friction on the Clouds motion due to the Milky Way halo (see section §6.1).
The first panel on the second row in Figure 2 shows the dis-
tance between SMC and LMC as a function of time. SMC lies on
a bound orbit around LMC, with a mean distance from the main
Cloud always less than 50 kpc, and the mean mutual velocity less
than 90 km s−1. The first encounter between the Clouds occurs at
T ≈ −2.5 Gyr, when SMC is 25 kpc away from the centre of
LMC. This encounter is strong enough to change the morphology
of the gas disc of SMC and form a temporary bridge of gas con-
necting the two Clouds. This structure lasts until the SMC starts to
move away from LMC. Before the second encounter, SMC gas par-
ticles form arm-like structures. These lead to the formation of the
Stream. The second encounter, T = −0.38 Gyr, is the strongest
one, with the Clouds at a distance of 5 kpc from each other.
The final configuration of the gas particles is shown in the
middle panel of Figure 4. As a result of the interaction between
the Clouds, the final distribution of particles is such that the main
components of the Magellanic System are reproduced. When com-
pared with the observed system (right panel in Figure 4), the model
well reproduce the position of the gas cloud at the position of the
South Galactic Pole. However, the model present an over density
at (`, b) ≈ (110,−40) which is not present in the observed stream
(left panel).
Figure 6 shows the line-of-sight distance (top panel) and ve-
locity (bottom panel) along the simulated Stream as a function
of the Magellanic Longitude, `MS (Nidever, Majewski & Bur-
ton 2008). In both panels, the white star indicates the position
of the South Galactic Pole (SGP). The line-of-sight distance in-
creases along the Stream, having a minimum (d = 62 kpc) at
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Figure 3. Rotation curve of the Milky Way for Model 1 (left panel) and Model 2 (right panel), shown for the contribution of each component (NFW halo,
Myamoto-Nagasai disc and spherical bulge ) and their total. For each model, the rotation curves due to the disc and bulge are fixed, while the halo contribution
is chosen by the genetic algorithm. The adopted values for the virial mass of the halo are 0.99 × 1012 M for Model 1 with a concentration parameter of
27.3; a mass of 1.27 × 1012 M and a concentration parameter equal to 20.5 for Model 2. In both panels, the solid grey line indicates the position of the
Sun (R = 8.5 kpc) and its intersection with the total curve provides the circular velocity adopted for each model (Vcir = 245.3 km s−1 Model 1 , and
Vcir = 245.8 km s
−1 Model 2).
Figure 4. Full sky ZEA projection of the Magellanic System, centred on the South Galactic Pole. (From left to right) The observed HI column density of the
Magellanic System as presented by Putman et al. (2003); final distribution of the gas particles in the simulated system are plotted for Model 1 (middle panel)
and Model 2 (right panel). The dashed red and solid yellow lines are the projected orbit of LMC and SMC respectively in the last 1.5 Gyr, when the Stream
starts to form.
`MS = −30◦. The distance of the Stream at the position of the
SGP is 78 kpc.
In addition to the Magellanic Stream, the selected model is
able to reproduce the Magellanic Bridge as shown in the left panel
of Figure 8: this feature is the result of the later encounter between
the two Clouds. While the Stream is mainly formed by gas stripped
from the SMC, both Clouds contributed to the formation of the
Bridge. As the second encounter occurred at a distance of only 5
kpc between them, stars from both Clouds have been stripped and
lied in this region. The bridge of star is clearly visible in the left
panel of Figure 5 in the intra clouds region (282◦ . ` < 290◦ and
−40◦ . b < −32◦). This seems to support the possibility of a
c© 2002 RAS, MNRAS 000, 1–??
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Figure 5. Full sky ZEA projection of the star particle distribution in the Magellanic System centred on the South Galactic Pole. As for Figure 4, the final
distribution of the star particles are plotted for Model 1 (left panel) and Model 2 (right panel). In both models, a bridge of stars connects the two galaxies,
showing that both stars and gas have been tidally stripped during the last closer encounter between the Clouds.
presence of a stellar component of the Bridge. From the left panel
in this figure, the SMC shows an extended tail in the North West di-
rection, suggesting the presence of the star structure (Dobbie et al.
2014). Similar results are presented in Diaz & Bekki (2012), who
suggested the presence of stars in the Bridge.
To date, only a young population of stars have been confirmed
in this region and they are believed to be formed in situ (Irwin,
Demers & Kunkel 1990). Recently, Bagheri, Cioni & Napiwotzki
(2013) suggested the presence of a older population of stars (with
age between 400 Myr and 5 Gyr) in the Bridge. Nidever et al.
(2013) studied the SMC stellar periphery, showing the presence of
stars in the eastern region of SMC extended in the direction of the
LMC. They conclude that these stars are consistent with an inter-
mediate/old stellar contour part of the HI Magellanic Bridge.
In Figure 7, panel a) shows the presence of two distinct pop-
ulation of stars, with different heliocentric distance to indicate the
contribution of the LMC (d ∼ 50 kpc) and SMC (d ∼ 60 kpc). The
two populations extend from the two Clouds. Although the model
present a distance bi-modality, this might not be consistent with the
results presented by Nidever et al. (2013), as due to the different
colour of LMC, it is unlikely that the stellar population in the SMC
eastern “stellar structure” (Nidever et al. 2013). However, as sug-
gested by our simulations, LMC stars might also be observed in the
region.
The analysis of the observed line-of-sight velocity of the
Stream as a function of the Magellanic Longitude shows the pres-
ence of a velocity gradient between −150◦ 6 `MS 6 −30◦, (Put-
man et al. 2003; Nidever et al. 2010). A clear gradient of the line-of-
sight velocity is shown in the bottom panel of Figure 6. The white
line shows the fit to the data from Nidever et al. (2010); while the fit
to the simulated data is plotted in yellow. The model reproduces the
observed velocity range of the full system, with significant agree-
ment with the observed fit.
5.2 Model 2: A Better Orbital Model
For this second model, the mass of the disc is Mdisc = 7.6 ×
1010 M with a scale length of rdisc = 6.5 kpc and a height equal
to 0.26 kpc, consistent with the recent estimation from Kafle et al.
(2014) and the model described by Bullock & Johnston (2005). As
in the previous model, the mass and the concentration parameter
for the dark matter halo are free parameters. For the best solution,
these two parameters are Mvir = 1.27 × 1012 M and c = 20.5,
with a corresponding virial radius of Rvir = 279 kpc. The rotation
curves are plotted in the left panel of Figure 3. The proper motions
are
(µW, µN)LMC = (−2.03, 0.19) mas/yr (15a)
(µW, µN)SMC = (−0.98,−1.20) mas/yr (15b)
The plots in the second column of Figure 2 show the orbit of the
Clouds in the last 3 Gyr. This model presents several similarities
to Model 1, although the mass model of the Galaxy is different.
The Clouds are within the virial radius back to 3 Gyr. No close
encounters with the Milky Way occurred during this time inter-
val, except for the present day distance (rLMC = 49.1 kpc and
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Figure 6. Line-of-sight distance (top panel) and line-of-sight velocity (bottom panel) for gas particles plotted as a function of the Magellanic Longitude, for
Model 1. The white line and yellow line show the result of a polynomial fit applied on the data from Nidever et al. (2010) (white line) and on the simulated
data (yellow line). In the top panel, the yellow star indicates the direction of the South Galactic Pole.
rSMC = 59.1 kpc). The SMC lies on an orbit of 0.62 eccentric-
ity around the Milky Way, while the LMC orbit has eccentricity of
0.64. As in the previous case, SMC is bound to LMC with a first
encounter between LMC and SMC occurring at T = −2.6 Gyr
with a distance between them of 36 kpc. Even with a greater sepa-
ration than the previous model, this encounter is still strong enough
to strip away gas from SMC, leading to the formation of a gas tail in
the following 2 Gyr. The last encounter at T = −0.3 Gyr is more
recent than the previous model, but still consistent with the refer-
ence values used in equation 13, with a mutual distance between
the Clouds of 6 kpc. As with Model 1, during this recent encounter
between the LMC and SMC, stars and gas are tidally stripped from
both Clouds to form the Magellanic Bridge, as shown in the right
panel of Figure 5. Panel b in Figure 7 shows the spatial distribution
of the stars in the Bridge region. Despite being less distinct than
Model 1, the contribution of each Cloud is still observed as a dif-
ference in distance. The left panel in Figure 8 shows a close look
in the intra-clouds region, showing the gas distribution in the intra
clouds region.
The final configuration of the gas particles in the all sky pro-
jection is provided in the right panel of Figure 4. Although there is
clear evidence of an extended tail in the position of the Magellanic
Stream, for this model there is not a well formed Leading Arm. Fig-
ure 9 shows the line-of-sight distance along the stream (top panel)
and the gradient of the line-of-sight can be seen in the the bottom
panel of the same Figure. As for Model 1, the distance along the
Stream increases with `MS, having a minimum value of 63 kpc at
`MS = −30◦ and a distance of 76 kpc at the SGP.
5.3 Mass distribution
Table 5 summarises the initial and final mass contained within the
characteristic radii for the LMC and SMC. The quoted values from
literature are also indicated in the last two columns.
Both Model 1 and Model 2 are generally in good agreement
with the observations. However, the final gas mass estimated for
both Clouds is greater than the expected values. For the case of
LMC in particular, the gas content within 5 kpc is double the quoted
values. For the initial conditions, we deliberately included much
more gas than expected in order to account for the gas loss due to
the interaction with SMC and the Milky Way. However, during the
interaction between SMC and the Galaxy in both models, the gas
content in the inner region of the LMC disc remains untouched. In
addition, it is important to note that no star formation prescription
has been added to the simulations. Introducing star formation in
the models presented in this work it would reduce the inner gas
reservoir of the Clouds.
Conversely, the mass of the Stream is underestimated when
compared with the value presented by Nidever et al. (2010). This
could be due to the lack of ram pressure in the models, which can
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Figure 8. Contour plot of intra cloud region for Model 1 and Model 2. The contour lines refer to the percentage of the normalised density in the region between
281.5 < ` < 300.0 and −47 < b < −30. Both models reproduce the location of the Magellanic Bridge.
Galaxy Initial (109 M) Model 1(109 M) Model 2 (109 M) Observed (109 M) Reference
LMC Star (< 9) 2.16 2.14 2.13 2.7 van der Marel et al. (2002)
Gas(< 5) 0.83 0.82 0.82 0.44 Bru¨ns et al. (2005)
Total(< 9) 19.1 19.0 19.0 17 van der Marel & Kallivayalil (2014)
SMC Star (< 3) 0.24 0.21 0.17 0.31 Stanimirovic´, Staveley-Smith & Jones (2004)
Gas(< 3) 0.58 0.60 0.60 0.42 Stanimirovic´, Staveley-Smith & Jones (2004)
Total(< 3) 2.84 2.24 2.21 2.7 Harris & Zaritsky (2006)
Stream Gas - 0.01 0.01 0.02 Nidever et al. (2010)
Bridge Gas - 0.5 0.3 0.25-5.0 Bru¨ns et al. (2005), Barger, Haffner & Bland-Hawthorn (2013)
Star - 0.09 0.09 - -
Table 5. Initial and final mass distribution for Model 1 and Model 2, compared with expected results from observations. The Stream is defined as particles
with `MS < −30◦. The Bridge mass is calculated considering all the gas particles (and stars) in the region 281.5 < `MS < 300.0 and−44 < `MS < −31.
.
influence the final mass distribution of this component. Moreover,
the inclination of the SMC’s disc with respect to LMC can play a
significant role in the formation of the Magellanic Stream and can
also influence the final mass content in this structure (Besla et al.
2012).
As consequence of the last encounter between the two Clouds,
a bridge of gas is seen connecting the two Clouds. Following
Barger, Haffner & Bland-Hawthorn (2013), we defined the intra-
clouds regions to be 281.5◦ . ` < 300.0◦ and−44◦ . b < −32◦
and we calculated the mass of the Bridge by considering gas par-
ticles which lie in this region. This leads to a Bridge mass of
5×108 M for Model 1 and 3×108 M. Using the Parkers HI Sur-
vey, Bru¨ns et al. (2005) estimated the mass within the Bridge to be
2.5×108 M. Barger, Haffner & Bland-Hawthorn (2013) used the
Wisconsin Hα Mapper to resolve the warm ionised gas component
in the Magellanic Bridge. They showed that the mass of the ionised
material varies between 0.7 − 1.7 × 108 M. They also proposed
a estimation of the neutral mass in the same regions 3.3×108 M.
In the last column of Table 5, we used the results of Bru¨ns et al.
(2005) as minimum mass in the region and the total gas mass (neu-
tral + ionised) given by Barger, Haffner & Bland-Hawthorn (2013)
as upper limit.
One limitation of this analysis is that the N-body simulations
do not allow us to explore different mass models for the Clouds.
The results presented here are therefore model-dependent, as differ-
ent initial masses of the Clouds can lead to different orbital scenar-
ios, with different choices for the best parameters of the Milky Way.
Although van der Marel & Kallivayalil (2014) show that the dy-
namical mass of LMC within 9 kpc is 1.7×1010 M, they suggest
that this value can underestimate the total mass of LMC and that a
different virial mass is possible if the concentration of the halo is
adjusted to reproduce the rotation curve. Kallivayalil et al. (2013)
explore orbit configuration for different values of the LMC mass,
increasing it up to 25×1010M. A further investigation could be to
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Figure 9. Model 2 results for the line-of-sight distance (top panel) and velocity (bottom panel)for gas particles plotted as function of the Magellanic Longitude.
As in the bottom panel in Figure 6, the white line in the bottom panel shows the fit on the data from Nidever et al. (2010), while the fit on the simulated data is
plotted in yellow. The yellow star in the top panel shows the direction of the South Galactic Pole.
repeat the GA analysis, using different combinations for the masses
of the Clouds, in order to have a more complete picture of their in-
teraction with the Milky Way.
6 FITNESS DEPENDENCE ON PARAMETERS
In this section, we describe the influence of each parameter on the
fitness function of the two models analysed. Figure 10 shows the
dependence of total fitness (F = f1∗f2∗f3) on the GA parameters
for Model 1 (filled circles) and Model 2 (crosses). Each panel in
this Figure corresponds to one of the six parameters as indicated
on the x-axis. The blue-to-red colour map indicates the values of
f2 (two encounters between the Clouds at the given time, see §4).
Blue points correspond to orbits in which no encounters or only
one encounter between the Clouds occurred in the last 3 Gyr; while
red points correspond to orbits with at least two encounters, one at
T∼ −2.5 Gyr and one at T∼ −0.4.
The first four panels in Figure 10 show the distribution of the
peaks in the total fitness ( over the studied range±1σ) of the proper
motion in the northern and western directions of both Clouds. The
proper motions are considered free to span in the error range given
by Vieira et al. (2010).
Panels a and b show the fitness as a function of the west
and north proper motion components for LMC. In both mod-
els, it is possible to distinguish two clear peaks of the fitness
function, corresponding to the two Milky Way models. Panel a
shows that the selected individuals lie in the interval µWLMC ∈
[−2.16,−1.89] mas yr−1, which corresponds to the −1σ in the
Vieira et al. (2010) catalogue. On the other hand, all the rejected
solutions fall in the region [−1.8,−1.6] mas yr−1. Similarly, panel
b shows that all the solutions belong to the region µWLMC ∈
[0.2, 0.4] mas yr−1.
The dependence of the fitness function on the SMC proper
motion is shown in panels c (west component) and d (north compo-
nent). As shown in panel c, the fitness function peaks in the regions
µWSMC ∈ [−1.1,−0.98] mas yr−1. However, Model 2 (crosses)
identifies a local maximum around -0.78 mass yr−1. This corre-
sponds to a total fitness value of 0.4, around the 21st generations
which has been later rejected. As for LMC, panel ) shows that the
best solutions for the north components of SMC fall in−1σ region
(range [-1.2 -1.0] mass yr−1).
From the results in panels a to e, we can constraint the rel-
ative proper motions between the Clouds. Both models lead to a
value of the proper motion in the north direction between the range
µNLMC−SMC = 1.40± 0.02 mas yr−1, consistent with the quoted
value µNLMC−SMC = 1.49±0.15 mas yr−1 in Vieira et al. (2010).
In contrast, in the west direction for Model 1 the values span be-
tween µWLMC−SMC = [−0.88,−0.77] mas yr−1; and for Model 2
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Figure 10. Distribution of the total fitness values as a function of each parameter, for Model 1 (filled circles) and Model 2 (crosses). In all panels, the size of the
symbols is scaled with the values of the f1 term; a greater size implies a good match in position and velocity of the simulated Clouds with the corresponding
values from observations. The colour code shows the values of the f2 component of the fitness function, so that blue points correspond to orbits which do not
reproduce the requirements of the two encounters ∼ −2.5 Gyr ago and ∼ −0.6 Gyr ago. Panels a, b,c and d show the distribution of the fitness as a function
of the west and north components of the proper motion for LMC and SMC. The dependences on the Milky Way halo parameters, virial mass and concentration
are shown in panels e and f.
µWLMC−SMC = [−1.06,−1.03] mas yr−1, in agreement with the
quoted value 0.91±0.16 mas yr−1 (Vieira et al. 2010).
The last two panels e and f in Figure 10 provide the distri-
bution of the fitness as a function of the virial mass and the halo
concentration parameter, respectively. Despite the difference in the
disc and bulge parameters adopted for the two models, in both cases
the GA selects virial mass less than 1.5 × 1012 M (see panel e).
The peaks in the virial mass correspond to high values for the con-
centration, as shown in panel f.
The differences between Model 1 and Model 2 that can be
deduced from panel f are interesting. For Model 2 (crosses), a sin-
gle peak is clearly observed at the best values selected by the GA
(Mvir = 1.27× 1012 M and c= 20). The distribution for Model
1 instead shows two peaks, corresponding to a total fitness of 0.73
and 0.53. These two peaks can be observed in both virial mass and
concentration. The highest peak corresponds to the best individ-
ual in the last generations, while the second corresponds to a high
ranked solution with a virial mass around 1.1× 1012 M and con-
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Figure 7. Stellar counter part of the Magellanic Bridge. This figure shows
the distribution of the star particles in the intra clouds region, for Model 1
(panel a) and Model 2 (panel b). The colour map indicates the heliocentric
distance of each particle.
centration around 21. This double peak feature is not observed in
Model 2, suggesting that the selection of the parameters for the disc
and bulge potential play an important role in shaping the potential
of the Milky Way, even if the component which strongly drives the
orbit of the Clouds is the dark matter halo.
It is interesting that both models support scenarios where the
Clouds are orbiting around a less massive, but more concentrated
Milky Way. In section 7.1 we discuss about the implications of
these findings.
6.1 The Effect of the Dynamical Friction
So far the dynamical friction between the two Clouds and the Milky
Way has not been included in the genetic algorithm. However, the
orbit of the Clouds might be strongly influenced by the interac-
tion with the dark matter halo of the Milky Way. In this section we
investigate the influence of the dynamical friction on the selected
orbits discussed above.
We modified the equation of motion in Gadget2 in order to
introduce the dynamical friction term, assumed to act on each par-
ticles. The dynamical friction is give by the Chandrasekhar’s for-
mula
dv
dt
= −4piG
2 mi
2 ln Λ ρ(r)
v2
[
erf(X)− 2X√
pi
exp(−X2)
]
v
v
,
(16)
where v is the orbital velocity of each particles and X =
v/
√
2σ, with σ being the one-dimensional velocity dispersion of
the adopted NFW dark matter halo. For a given position, we calcu-
late the value of σ using the numerical approximation described
by Zentner & Bullock (2003). Following Hashimoto, Funato &
Figure 11. The dependence of the fitness function on the orbital eccen-
tricity of the SMC around LMC. The size of the points is scaled according
the values of the total fitness function (equation 10), while the colour map
refers to the value of f2. The final positions and velocities of both simulated
Clouds is reproduced only for eccentricity between 0.6-0.7, as indicated by
the values of f1.
Makino (2003), the value of the Coulomb logarithm is defined to
vary as a function of the distance, given by Λ = r/1.6, where  is
the softening length if the Clouds were modelled using a Plum-
mer profile. In particular, we used  = 5.0 kpc for LMC and
 = 3.0 kpc. Hashimoto, Funato & Makino (2003) show that this
prescription reduce the discrepancy between semi-analytic approx-
imation and N-Body simulation.
The dashed lines in Figure 2 show the influence of the dy-
namical friction on the best orbital models. In general, the initial
distance of the two Clouds from the Milky Way are greater than the
case without dynamical friction. However, both Clouds were still
within the Milky Way virial radius, shown as a dashed grey line.
The effects due to the dynamical friction are stronger on the
LMC, but as the orbit of the latter changes, the SMC orbit changes
as well. The central panels in Figure 2 show the comparison be-
tween the evolution of the SMC around LMC in both models as
a function of time, for both cases, with (solid line) and without
(dashed line) dynamical friction. In spite of the difference in the
relative orbit, the two Clouds remained a bound pair for the last 3
Gyr and as for the case of no dynamical friction, two encounters
between the Clouds occurred in this time. Therefore, the selected
orbits are still good solutions for the genetic algorithm. In addition,
no significant changes in the final configuration of the Magellanic
System are observed when the dynamical friction is added. Both
models in fact are still able to reproduce the main features of this
system. This is not surprising because as shown in the previous sec-
tions, having the Clouds bound to each other and requiring them to
interact for at least 3 Gyr are necessary conditions to lead the for-
mation of the main features of the Magellanic System. These two
conditions are still satisfied by the orbit obtained with the dynami-
cal friction.
6.2 The Orbit of SMC around LMC
The genetic algorithm does not constrain the Clouds to be bound
to each other or to the Milky Way, in order to avoid imposing any
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strong assumption on the history of these galaxies. The selection of
the best orbit is based only on the results of the N-body simulations.
As discussed in Besla et al. (2012), the SMC needs to orbit
around the LMC with eccentricity of approximately 0.7 to avoid
extreme cases of fly-by or quick orbital decay with a subsequent
merger. In both cases, the final positions and velocities of SMC do
not match the expected values. The genetic algorithm selected an
orbit by comparing the final position and velocities of both Clouds
with their present day values. Hence, the fly-by/merger cases are
automatically avoided, as they lead to low values of the f1 term
(see equation 17). This implies a low values for the fitness function.
In this section, we investigate if there is any dependence on the
eccentricity in the fitness function.
In Figure 11, the f1 values of each individual is plotted against
the orbital eccentricity. The f1 term indicates how well the final
positions and velocities of the Clouds match the expected values
for the corresponding orbit eccentricity. The colour (blue to red)
of each point indicates the values of the term f2 (low to high). This
term contains information on the number of encounters between the
Clouds and the time when they occurred. Therefore, blue points on
this plot either correspond to an orbital scenario where the Clouds
did not interact with each other at any time or only one encounter
occurred. The size of each point is scaled according to the value of
the total fitness, F .
As shown in Figure 11, all the solutions of the genetic algo-
rithm peak around an eccentricity between 0.60 − 0.70. Those or-
bits are able to simultaneously satisfy the condition on the encoun-
ters between the Clouds (red points) and the present day position
and velocity (f1 ∼ 0.7), corresponding to high values of the total
fitness function.
The results for orbits with eccentricity greater than 0.8 are in-
teresting. Those orbits can be separated in two different regions in
Figure 11:
- High f1- Low f2 values. These orbits are able to reproduce
the present day position and velocity (f1 ∼ 1), but there are no
encounters between the Clouds in the first 2 Gyr, as indicated by
the majority of blues points, (low value of f2). If no interactions
occur between the Clouds, neither galaxy is tidally disrupted ( there
is no formation of a particle stream); and therefore, their orbits do
not deviate from those of point mass, resulting in an almost perfect
match with their positions in the sky (a high value of f1). Due to
the low value of the total fitness the corresponding parameters are
considered weak individuals by the genetic algorithm and do not
survive for the next generation.
- Low f1-High f2 values. There are solutions corresponding to
high eccentricity orbits in which SMC has multiple encounters with
LMC. These orbits decay too quickly, leading to a full merger be-
tween the Clouds. (A similar fate is observed for systems with ec-
centricities lower than 0.5.)
The pronounced peak around 0.6-0.7 eccentricity suggests that
such SMC orbits are necessary to ensure the survival of this Cloud
(Besla et al. 2012) and to have two encounters between the Clouds
at T ∼ −2.5 Gyr and T ∼ −0.4 Gyr (Harris & Zaritsky 2009).
7 FUNDAMENTAL PARAMETERS
7.1 The Virial Mass of the Halo
The parameters related to the Milky Way halo potential are crucial
for determining the orbital history of the Magellanic Clouds. As the
circular velocity depends strongly on the contribution of the dark
matter component, the halo parameters lead to different values of
the circular velocity, which can influence the orbits of the Clouds
(Shattow & Loeb 2009; Ruzicka, Theis & Palous 2010).
The major source of uncertainty is the virial mass of the Milky
Way. Analysis on the kinematics of the stellar halo of our Galaxy
constrains this parameter to the range 0.9 − 1.5 × 1012M (Xue
et al. 2008; Kafle et al. 2012). However, dynamical models for the
Magellanic Clouds favour a more massive halo in order to justify
the formation of the Magellanic System. Diaz & Bekki (2012) show
that a minimum values of > 1.3× 1012 M for the virial mass is
necessary to form the Magellanic Stream.
Different models for the dark matter component influence the
orbit of the Clouds around the Milky Way, since they change the
gravitational field and circular velocity at the solar distance. Kalli-
vayalil et al. (2013) show that bound configurations between the
LMC and SMC are more likely for high values of the LMC mass,
but there is also a dependence on the virial mass of the Milky Way.
The required LMC mass to keep the SMC bound increases as the
Milky Way mass increases. As a consequence, the orbital eccentric-
ity of the LMC changes, making a first infall scenario more likely.
In both models presented, the Clouds have formed a bound
pair for a time interval of at least 3 Gyr, even for low mass model
of the Clouds. We show that the bound configuration of the Clouds
is crucial for the formation of the Stream. Since neither models
have an encounter with the Milky Way, the only encounters be-
tween the SMC and LMC are strong enough to strip material from
SMC, leading to the formation of the Stream (Besla et al. 2012),
even for a low value of the virial mass of the Milky Way.
In order to characterise this finding, a set of 100 proper mo-
tions has been drawn from the error distribution of the Vieira et al.
(2010) catalogue. For each of these values, a genetic algorithm ran
considering the two Clouds being Plummer spheres with radius 5
kpc and 3 kpc for the LMC and SMC respectively. Since all the
good orbits found using the N-body simulations concentrate around
an eccentricity of the SMC orbit around LMC between 0.6 − 0.7,
the f1 term in equation 10, has been modified to be
f1 =
1
1 +
(
ei−0.65
0.05
)2 (17)
while the condition on the encounters (f2) and (f3) are kept as de-
scribed in §4. In each genetic algorithm run, 150 phenotypes evolve
for 150 generations. The same analysis has been repeated using the
disc and bulge parameters for Model 1 and Model 2.
Since in this analysis a point mass approximation is used, the
equation of motion has been modified to explicitly account for the
dynamical friction between the Clouds. Following Bekki & Chiba
(2005), this extra term is defined by (Binney & Tremaine 2008)
FDF = −0.428 ln ΛG M
2
SMC
r2LS
vLS
vLS
, (18)
where rLS (vLS) is the distance (velocity) of SMC with respect
LMC and ln Λ is the Coulomb logarithm chosen to be 0.2.
Once a distribution of the best individuals is established, we
use an MCMC estimator to find the most likely values for the virial
mass, the concentration of the Milky Way dark matter halo and their
respective standard deviation. The prior for these two parameters is
given by the parameter range described in Table 3. The final distri-
bution for Model 1 (virial mass and concentration) is shown in Fig-
ure 12. The most likely value for the virial mass for Model 1 (Model
2) is Mvir = 1.1±0.2×1012 M (Mvir = 1.2±0.2×1012 M),
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Figure 12. From left to right: The marginalised distribution of the virial mass (Mvir) of the Milky Way and its variance (σMvir ) and the marginalised
distribution for the concentration parameter, c.
showing that solutions with a lighter Milky Way halo are preferred.
However, this is possible only with higher concentration values. In-
deed, the most likely value is c = 25± 2.0 (c = 20± 2.0).
Introducing a dynamical friction term between the Clouds and
Galaxy in the equation of motion might influence the orbit of the
Clouds and the time they spend in the Milky Way halo. In section
§6.1, we have shown how the dynamical friction influence the orbit
of the best solution selected by the genetic algorithm. There is how-
ever, the possibility that the dynamical friction might also influence
the selection of the parameters related to the Milky Way halo.
With the aim of understanding how this term might affect
the outcome of the genetic algorithm, we repeated the analysis,
but including the dynamical friction due to the Milky Way halo,
using the same approach discussed in section §6.1. The grey his-
togram in Figure 12 shows the distribution of the virial mass (right
panel) and concentration (left panel) for Model 1 when equation
16 is included in the equation of motion. With the dynamical fric-
tion, the genetic algorithm tends to prefer a slightly higher mass
(MvirDF = 1.2 ± 0.2 × 1012 M) and a slightly smaller values
for the concentration parameters (c = 24 ± 2.0). Despite the dif-
ferences, these results are still consistent with the quoted values
for Model 1 and Model 2, confirming the early statement that the
lighter and more concentrated halo are favourite solutions.
Results from numerical simulations show that the mass-
concentration relation predicts a mean value for the concentration
parameter of 10, when the virial mass is around 1012M (Maccio`,
Dutton & van den Bosch 2008). Both results found by the genetic
algorithm appear to overestimate this parameter. However, the rela-
tion between virial mass and concentration is based on dark matter
simulations, while the presence of baryons can adiabatically con-
tract the dark matter halo, leading to more concentrated haloes (Mo,
Mao & White 1998; Gnedin et al. 2004; Rashkov et al. 2013). In
addition, the studies of the potential of the Milky Way based on
the kinematic of its stellar halo all converge to the conclusion that
a virial mass of the dark matter halo 6 1012M and a high con-
centration parameter are favoured over the less concentrated-more
massive halo model (Battaglia et al. 2005; Deason et al. 2012; Kafle
et al. 2014).
The dependence of the genetic algorithm results on the par-
ticular choice of the disc and bulge mass of the Milky Way is not
surprising. As shown in panel f of Figure 10, the fitness as a func-
tion of the concentration peaks around 27 for Model 1 and 20 for
Model 2. The two models differ only in the parameters of the disc
and bulge, with Model 1 having a less massive disc and bulge with
respect to Model 2. As a consequence, the halo concentration is
greater when a less massive disc is considered. This suggests that
there is an anti-correlation between the disc parameter and the dark
matter halo concentration.
7.2 The Distance to the Magellanic Stream
The precise distance of the Magellanic Stream has important impli-
cations for its fundamental parameters. For example, the Stream’s
total gas mass is critically dependent on its distance (Putman et al.
2003). The detectability of certain stellar populations also depends
on the Stream’s distance. No stars have been detected which has
hampered distance estimates to date.
One constraint on distance is provided by the geometrical
method presented in Jin & Lynden-Bell (2008). Using the data from
Putman et al. (2003), they found that the tip of the stream is at a dis-
tance of 75 kpc. The top panels in Figures 6 and 9 show that in both
models the simulated Stream is at a distance greater than the one
expected. The discrepancies between the models and the observa-
tions are due to the absence of the ram pressure term in modelling
the interaction between the gas within the Clouds and the hot halo
gas of our Galaxy. The dense Galactic environments will have a
strong influence on the inclination and the distance of the Stream.
Introducing this interaction, by modelling the Milky Way as a dy-
c© 2002 RAS, MNRAS 000, 1–??
A Genetic Approach to the History of the Magellanic Clouds 17
Figure 13. Fit of the distance along the Stream as a function of `MS for
Model 1 (blue) and Model 2 (red). The shaded regions indicate the confi-
dence interval, calculated from the bootstrap distribution in both models.
The dashed line shows the direction of the South Galactic Pole.
namically live galaxy or in the form of a drag force component in
the equation of motion, will improve the final shape and inclination
of the simulated Stream, as well as the Leading Arm.
The similar trend of the distance as a function of `MS , shared
by the two models (as shown in Figure 13) is particularly interest-
ing. In this Figure, the solid lines describe the fit to the simulated
Stream for Model 1 (red) and Model 2 (blue), in order to show
the trend; while the shaded regions provide the error on the fit, ob-
tained from the bootstrap distribution. Both models have a similar
distance between −80◦ 6 `MS 6 −30◦, with equal distance at
the position of the South Galactic Pole (black star) of 80 kpc. For
`MS < −80◦, the increase of the distance is steeper for Model 2
than for Model 1.
An accurate distance for the Stream also has a bearing on re-
solving the long-standing mystery of the Stream’s high levels of
ionisation over the SGP. The presence of a bright Hα emission
around the South Galactic Pole (`MS = −57◦) cannot be explained
by a Galactic UV radiation field (stars, gas, etc.). In a recent paper,
Bland-Hawthorn et al. (2013) argue that the photoionization levels
along the Stream are best explained by a Seyfert flare model, con-
sistent with the most viable explanation of the Fermi bubbles (Guo
& Mathews 2012). Bland-Hawthorn et al. (2013) define an ionisa-
tion cone emanating from Sgr A* aligned roughly with the South
Galactic Pole (SGP) and gas clouds within the cone are lit up by a
Seyfert flare approximately 2 Myr ago.
The energetic details of the past explosion critically depend
on the distance of the Stream. A near-distance of about 50 kpc low-
ers the required energetics to about 10 per cent of the maximum
Eddington luminosity required by Sgr A?. A greater distance of
100 kpc pushes up the required luminosity close to its maximum
value (Bland-Hawthorn et al. 2013, see their Appendix A). For the
smaller distance, a shock cascade acting along the Stream could
conceivably account for the observed Hα emission. But this model
breaks down for the larger distance due to the lower halo coronal
density (Bland-Hawthorn et al. 2007).
8 CONCLUSION
We present a new and novel technique for the study of the interac-
tion between the Magellanic Clouds and the Milky Way. By com-
bining a genetic algorithm with full N-body simulations, we are
able to identify the orbit of the Magellanic Clouds based on a di-
rect comparison between simulations and observations. Previous
studies have constrained the orbital parameters of the Magellanic
Clouds-Milky Way system (Ruzicka, Theis & Palous 2009; Diaz &
Bekki 2012); but this is the first time that the parameter search has
been done considering both Clouds as full N-body systems. Dur-
ing the parameter search, the Magellanic Clouds are represented
by dark matter halo and a disc component with total mass equal to
2.43× 1010 M for LMC and 0.63× 1010 M for SMC.
The Milky Way is modelled as a three component potential
with a Herquist bulge, Miyamoto-Nagai disc and a Navarro, Frenk
and White dark matter halo. The latter depends on three parameters:
the virial mass, the virial radius and the concentration parameters.
In this analysis, the virial mass and concentration are independent
parameters, free to span the range given in Table 3; while the virial
radius of the dark matter halo is instead directly calculated from its
virial mass. Although the dark matter halo has the strongest influ-
ence on the motion of the Clouds, the particular choice of disc and
bulge parameters influences the value of the Milky Way circular
velocity, a crucial parameter for the orbit of the Clouds (see equa-
tion 9). Therefore, for each selected virial mass and concentration,
the circular velocity at the position of the Sun is directly calculated
using the rotation curve of the Milky Way.
We provided two orbital scenarios for the Clouds, resulting
from two different models of the Milky Way. As seen in Figure
2, both models support more traditional orbits around the main
Galaxy. This is not surprising, since traditional orbits are expected
for a 1010 M mass LMC, particularly with a high (∼245 kms−1,
in both models) circular velocity (Zhang et al. 2012; Kallivayalil
et al. 2013). Interestingly, the values of the Milky Way parameters
describe a less massive (6 1.5× 1012 M) but more concentrated
dark matter halo (c > 20). We show that this is not odd, since stud-
ies of the kinematics of the Milky Way stellar halo also prefer such
models, with higher concentration parameter than the one obtained
in cosmological simulations (Battaglia et al. 2005; Deason et al.
2012).
The orbits described in Figure 2 are selected by using the star
formation history as the only condition on the LMC-SMC interac-
tion. The two common starbursts, one 2-3 Gyr ago and the other
400 Myr ago, can be interpreted as evidence for two encounters be-
tween the Clouds (Harris & Zaritsky 2009, 2004). No other orbital
criteria are applied, especially on the evolution around the Milky
Way. It might be argued that using the star formation history as a
constraint on the orbits introduces bias, as there are observational
error related to the time of the star bursts However, the power of
this method is that any constraints on the actual values can be in-
troduced into the fitness function and, therefore, used for better se-
lecting the orbits.
The solution of the GA suggests that not all of the LMC-SMC
orbits are possible, but they depend on the eccentricity of the orbit
on which SMC lies. Figure 11 confirms this dependency. The orbit
of SMC around LMC needs to have an eccentricity between 0.6−
0.7, otherwise it will decay too quickly into the LMC or it will be
pushed away by its interaction with the LMC halo.
As a result of the selected orbits, the middle and right panels
in Figure 4 show the presence of an extended tail, a leading arm
and a bridge of gas connecting the two galaxies. Our models also
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support the presence of a stellar bridge, which formed after the last
encounter. The stars in this region were tidally stripped from both
Clouds at the formation epoch of the gaseous Bridge. The presence
of the stars in the regions are also suggested by recent spectroscopic
and photometric studies of the SMC and the Magellanic Bridge
(Bagheri, Cioni & Napiwotzki 2013; Nidever et al. 2013; Dobbie
et al. 2014).
The formation mechanism of the Stream is common in both
models; the interactions between the Clouds lead to the formation
of the Magellanic System (Besla et al. 2010, 2012). The Clouds
form a binary pair at least for the last 3 Gyr and the encounters be-
tween LMC and SMC are strong enough to strip material away
from about 2 Gyr ago, mainly from the Small Cloud, in agree-
ments with previous models (Connors, Kawata & Gibson 2006;
Diaz & Bekki 2012) and the recent results from HST/COS and
VLT/UVES (Fox et al. 2013). The models also offer a good de-
scription of the Stream kinematics, showing a gradient of the line-
of-sight velocity along the stream (Putman et al. 2003; Nidever
et al. 2010). However, the tip the simulated streams do not fully re-
produce the observation (see right panel in Figure 4). As discussed
in Besla et al. (2012), the inclination of the SMC’s disk with re-
spect to the LMC-SMC orbital plane an important role in shaping
the location of the Stream: for a fixed orbit, different orientation of
the SMC disk can affect entirely the formation of the Magellanic
Stream. Further investigations on the role of this parameter will al-
low to a better model of this system.
In addition, both models fail to reproduce the location of the
Leading Arm and its bifurcation in full. It will be interesting to add
the location of this feature as a condition to the genetic algorithm,
in order to select the models based on their ability to reproduce the
Leading Arm.
A crucial step forward in the analysis of the interaction be-
tween the Magellanic System and the Milky Way will be a proper
dynamical analysis of the main galaxy. By modelling the latter as
a full N-body system, it will allow to study the effect on the Milky
Way halo due to the Magellanic System (momentum conservation),
which has never been carried out in a statistical sense, but only in
single high-resolution simulations.
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